Defatted rice bran was treated with subcritical water between 120 and 240 . The extraction temperature af fected the total carbohydrate and protein contents of the extracts. In the tested temperature range, the total carbohydrate and protein contents were the highest at 180 and 210 . The DPPH radical scavenging activity of the extracts increased with increasing extraction temperature up to 240 and showed a linear correlation with the total phenolic content. The antioxidative ability of the extracts was evaluated in both the bulk oil and aqueous dispersion systems of linoleic acid. The antioxidative ability differed in the two systems. The extract obtained at any temperature elongated the induction period for the oxidation of linoleic acid in the aqueous dispersion system. However, only the extract obtained at 240 showed significant antioxidative ability in the bulk linoleic acid system.
Introduction
In all commodities, paddy rice ranked fourth in the world for its production quantity of 678.7 million metric tons in 2009 [i] . The husk and rice bran, accounting for approximately 20 and 10% on weight basis of rice grains, respectively [1] , are usually milled off the grains to obtain white rice. After being further treated with hexane to extract the bran oil, most defatted rice bran is discarded as agro-waste besides only a small part of it being utilized for feed or fertilizer. Defatted rice bran contains several functional substances such as dietary fiber [2] , hypoallergenic protein [3] , and phenolic compounds [4] , thus making it a potential material for health foods.
Extraction by means of subcritical water, which maintains its liquid state under pressurized conditions from the boiling point under atmospheric pressure (100 ) to the critical point (374 , 22.1 MPa), is relatively environmentally friendly compared to the processes that employ organic solvents as the extractants. The extraction ability of subcritical water lies in its characteristic properties of low relative dielectric constant and high ion product [5] .
Subcritical water extraction involves dissolution and/or degradation of the treated materials. In our previous studies, the defatted rice bran extracts obtained by subcritical water extraction exhibited emulsifying and antioxidative abilities [6] [7] [8] . The antioxidative ability was investigated in bulk [8] and encapsulated [9] oil systems by using linoleic acid and methyl linoleate, respectively, as the substrate for oxidation. Despite the fact that defatted rice bran extracts are comprised of relatively hydrophilic substances and may hence exercise presumably higher antioxidative ability to retard the oxidation of oil in aqueous dispersion system, no study has to date been published looking into this matter.
In this study, we performed batch-wise subcritical water extraction on defatted rice bran in a pressureresistant vessel at different temperatures. The effects of extraction temperature on the composition and antioxidative property of the extracts were studied in terms of the estimated yield and the total carbohydrate, protein, and total phenolic contents. The DPPH radical scavenging activity was estimated as well to study its correlation with the total phenolic content of the extracts. Estimation of the induction period for oxidation of bulk linoleic acid and investigation on the oxidation of linoleic acid dispersed in SDS buffer solution were performed to evaluate the antioxidative ability of the extracts in both the bulk oil and aqueous dispersion systems.
Materials and Methods

Materials
The defatted rice bran (Oryza sativa) was supplied by Tsuno Foods Industrial Co., Ltd. (Wakayama, Japan).
The rice bran oil was earlier extracted using petroleum ether by the Soxhlet extraction according to the official method of AOCS Ba 3-38 [10] . The contents of oil, ash, water, and total carbohydrate were 0.921, 12, 12.8, and 58.5% by weight, respectively. D-( ) Glucose (>98%), cr ystalline bovine serum albumin (abbreviated BSA, >98%), sodium dodecyl sulfate (SDS), 2,2'-azobis Unless otherwise noted, distilled water was used in the entire study.
Subcritical water extraction on defatted rice bran
Extraction was performed in a TVS-N2 stainless steel pressure-resistant vessel (≤20 MPa, Taiatsu Techno Corp., Osaka, Japan) with a working volume of 117 mL 
Determinations of defatted rice bran extracts
Yield
The yield is defined as the weight of dry extract estimated for the initial volume of extractant (72 mL of distilled water) on the weight basis of the defatted rice bran (3 g of defatted rice bran) and thus takes the units of g/ g-bran. Fourty milliliter of the extract was lyophilized for over 24 h by using an FDU-1200 freeze dryer (Tokyo Rikakikai Co., Ltd., Tokyo, Japan).
Total carbohydrate content
The total carbohydrate content of the defatted rice bran extracts was determined by the phenol-sulfuric acid method [11] using glucose as the standard. One milliliter of an appropriately diluted extract was added to 25 L of 80% (w/w) aqueous phenol. The mixture was then added with 2.5 mL of concentrated sulfuric acid and kept in a 30 water bath for 30 min. The total carbohydrate content of the sample was evaluated with a UV-1200 spectrophotometer (Shimadzu Corp., Kyoto, Japan) at the wavelength of 490 nm.
Protein content
The Folin-Lowry method was employed for determining the protein content of the extract [12] . Because protein in the extract would be degraded into pieces during subcritical water treatment [13] , the substances positive in the determination are regarded as protein even if they are low-molecular ones. 
Total phenolic content
Folin-Ciocalteu's reagent was used for quantification of the total phenolic content in the defatted rice bran extracts with gallic acid as the standard. One tenth of a milliliter of a properly diluted sample was added with 0.4 mL of the ten-time diluted Folin-Ciocalteu's reagent and kept for 15 min. After that the sample was added with 1.0 mL of 7.5% (w/w) aqueous sodium carbonate and kept for another 15 min after which the sample was diluted with 3.5 mL of distilled water and further kept in the dark for 2 h. Spectrophotometric quantification was performed at 765 nm using the spectrophotometer.
DPPH radical scavenging activity
The radical scavenging activity of the defatted rice bran extracts was evaluated by a method modified from that previously reported by Fujinami et al. [14] . Dilution 
Antioxidative ability in bulk oil system
The antioxidative ability of the defatted rice bran extracts was evaluated against oxidation of linoleic acid under an accelerated condition according to the principle of the Rancimat method [9] . One gram of 10% (w/w) lin- 
Yield, total carbohydrate and protein contents
The yield increased with the increase of extraction temperature up to 210 with the maximum value of 0.547 g/g-bran, but decreased when the temperature reached up to 240 (Fig. 1) .
The temperature dependencies of the total carbohydrate and protein contents were similar to those for subcritical water treatment of black rice [6] and wheat [16] brans. The total carbohydrate content increased with increasing extraction temperature up to 180 , giving the maximum of 0.306 g/g-bran, and decreased thereafter. It indicated that carbohydrate was increasingly extracted from the defatted rice bran at higher temperatures up to 180 and it then either decomposed or transformed into other substances at further increased temperatures [17, 18] .
The total protein content also increased with the increase in extraction temperature, and it was 0.222 g/ g-bran at 210 . The proteinous compounds showed no obvious degradation with further temperature increase to 240 , remaining at a close value of 0.216 g/g-bran.
Monosaccharides were significantly degraded at 180 to 260 , while amino acids such as branched ones were stable at these temperatures [19] . This implies that monosaccharides start to be degraded at lower temperatures in comparison to amino acids. Although the degradation of protein might proceed at higher temperatures, the extraction time would probably be too short for significant degradation of protein [8] . to a greater extent and thus, declining the carbohydrate fraction. As for the protein fraction, despite the fact that the protein content stabilized above 210 , the highest value of 0.607 g/g-extract was obtained at 240 within the tested range. The result would in part be attributable to the sudden substantial decrement in the total carbohydrate content at 240 .
Although the estimation of the total carbohydrate and protein contents was carried out by glucose and BSA as the respective standards, these results still ser ved as conservative indicators to the fact that carbohydrate and protein are the major constituent substances in the extracts, implying that compositional alteration might be achievable by manipulating the extraction temperature.
Total phenolic content and DPPH radical scavenging activity
The total phenolic content increased with the increase in extraction temperature within the tested range, reaching 38.9 mg-gallic acid/g-bran at 240 (Fig. 2) .
Only relatively smaller amounts of phenolic substances was extractable at the extraction temperatures below 180 . The phenomenon indicated that high temperatures were necessar y to loosen or destroy the lignin structure consisted predominantly of cross-linked phenolic substances [20] . The DPPH radical scavenging activity of the extract has the same trend as the total phenolic content, with the highest value of 0.271 mmol-ascorbic acid equiv./g-bran at 240 within the tested range. As shown in the inset of Fig. 2 , the linear correlation between the total phenolic content and the radical scavenging activity with a coefficient of determination of 0.99 indicated that the phenolic compounds might be one of the major substances contributing to the radical scavenging property of the extracts. The DPPH radical scavenging activity of rice bran extracts obtained by subcritical water extraction has been reported to be related to the product compounds from the Maillard reaction [21] , but the phenomenon was not observable in the present study. The phenolic fraction increased to a greater degree than the total phenolic content at higher temperatures presumably because of the significant decrement of the estimated yield of extraction due to the comparatively noticeable shrinkage of the total carbohydrate content.
Antioxidative ability in bulk oil system
The antioxidative ability of the extracts was studied in As mentioned above, only the extract at 240 could be be easily filtered through the 0.45 m membrane, and its total carbohydrate and phenolic contents were low and high, respectively. These facts suggested that the compounds in the extract at 240 were low-molecular-mass substances and had high solubility in the linoleic acid.
Antioxidative ability in aqueous dispersion system
No research into the antioxidative ability of defatted rice bran extracts in different systems has been published to our knowledge. Therefore, the oxidation of the aqueous dispersion of linoleic acid was carried out to examine the oxidation reaction in the samples treated with the extracts by monitoring the pressure change of the closed system (Fig. 4) . The antioxidative ability of the extracts in the aqueous dispersion system of linoleic acid also demonstrated extraction temperature depen- (
where P is the pressure at any time, P 0 is the initial pressure, P is the pressure of the system at sufficiently long time, t ind is the induction period, and k is the rate constant for oxygen consumption.
The induction period and the rate constant for oxygen consumption were evaluated from the x-intercept and the slope of each line, respectively, and are shown in The symbols were the same as that in Fig. 4 . 
